Could Energy Decoherence due to Quantum Gravity be observed? 
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It has recently been proposed that quantum gravity might lead to the decoherence of superpo- 
sitions in energy, corresponding to a discretization of time at the Planck scale. At first sight the 
proposal seems amenable to experimental verification with methods from quantum optics and atomic 
physics. However, we argue that the predicted decoherence is unobservable in such experiments if 
it acts globally on the whole experimental setup. This is related to the unobservability of the global 
phase in interference. We also show how local energy decoherence, which acts separately on system 
and phase reference, could be detected with remarkable sensitivity and over a wide range of length 
scales by long-distance Ramsey interferometry with metastable atomic states. The sensitivity of the 
experiments can be further enhanced using multi-atom entanglement. 



I. INTRODUCTION 

The unification of quantum physics and gravitation is 
one of the big open questions in physics. A large amount 
of theoretical work is devoted to it, following various ap- 
proaches, including string theory, loop quantum gravity 
and others. Experimental guidance would be extremely 
valuable. Some predictions of string theory, such as su- 
persymmetry, should be testable in future high-energy 
particle accelerators. Certain candidate theories predict 
deviations from the usual dispersion relations for very 
energetic particles. Astrophysical observations can give 
constraints on such predictions |l| ■ 

Another class of theoretical predictions from quantum 
gravity concerns the decoherence of quantum superposi- 
tions 0, L| • In particular it has recently been predicted 
based on discrete quantum gravity that there should be 
decoherence in the energy basis [j]. Such energy deco- 
herence can be understood intuitively as arising from a 
discretization of time at a very small scale |5|. Even 
though there is no universal agreement that quantum 
gravity implies energy decoherence, it seems to us that 
the proposal deserves serious attention, not only because 
it is related to a very basic concept (the discretization of 
time) , but also because at first sight it seems that it might 
lend itself to experimental verification with the methods 
of quantum optics and atomic physics, i.e. essentially 
tabletop experiments J4|. 

Ref. |j] predicts that the evolution equation for the 
density matrix p of a quantum system with Hamiltonian 
H should be given by 



f = ![*,,] -* [ff , [*,„,], 



(i) 



where <r, which is essentially the discretization timescale, 
may be as small as the Planck time tp, i.e. of order 
lCP 43 s. This time evolution leads to a decay of off- 
diagonal terms in the energy basis \E)(E + AE\ with 
a rate of order a(AE/h) 2 . 

In this paper we address the question whether this type 
of decoherence could be observed in practice. We believe 
that the only presently conceivable type of experiment 



that has the potential to yield non-trivial bounds on the 
parameter a of Eq. (1) is to prepare a superposition 
of two states with substantially different energies and 
observe its decoherence, trying to separate environmen- 
tal and potentially present quantum gravitational effects. 
The quadratic dependence on AE of the decay rate for 
such superpositions is a decisive advantage compared to 
effects for wavepackets with a smooth distribution in en- 
ergy, which would only become significant for energies 
close to the Planck energy, cf. Ref. [f|. 

The most promising approach to achieve such super- 
positions is the use of long-lived metastable atomic states 
that are separated from the ground state by optical tran- 
sitions, such as the 3 P2 and 3 Po states in Strontium |f|. 
A superposition \g) + |e) between the ground state and 
such an excited state has a AE of order 1 eV. Note that 
this is about seven orders of magnitude larger than, for 
example, the cavity-induced energy splitting discussed in 
|4j would be in a realistic experiment [7J]. Moreover, be- 
cause the spontaneous lifetime of the excited state can 
be of the order of hundreds of seconds [6j , an experiment 
with a single atom could in principle be sensitive to a 
decoherence rate at the level of 10 _3 /s. This can again 
be compared for illustration to the example discussed in 
Ref. (4|, where typical cavity lifetimes are of order mi- 
croseconds |2|. Such sensitivity to decoherence rates in 
the mHz regime would allow one to detect a at the level 
of 10~ 33 s, corresponding to an energy scale of 10 18 eV, 
far beyond the energies of current or projected particle 
accelerators, which are at the level of 10 12 to 10 13 eV. 
This remarkable sensitivity could be further improved by 
several orders of magnitude using multi-atom entangled 
states of the GHZ type, |e)® w + \g)® N . We will discuss 
the possibility of using multi-atom entanglement in more 
detail below. 

However, we first have to point out a fundamental 
problem concerning the observability of global energy de- 
coherence in the quantum optical domain. Coherence in 
energy (and therefore also decoherence) is in practice ob- 
served interferometrically by studying the phase of the 
quantum system under consideration relative to a given 
phase reference. Only the relative phase between system 



and reference is observable. At the fundamental level the 
phase reference also has to be treated as a quantum sys- 
tem. Energy decoherence that acts globally on system 
and reference together only has an effect on the global 
phase of the combined system, but does not influence 
the relative phase between the two parts. It is there- 
fore unobservable. We discuss this rather subtle point 
in detail in section [H] with the help of illustrative exam- 
ples. This part of our work can be seen as an extension of 
the arguments by Finkelstein |8| to realistic experimental 
situations. We conclude this section by arguing that the 
need for a phase reference, and thus the unobservability 
of global decoherence, fundamentally arises from the fact 
that macroscopic systems have very little coherence in 
energy. 

In contrast to global decoherence, local energy decoher- 
ence that acts separately on the system and the reference 
can be observable. In section ITTT1 we describe several ex- 
perimental approaches that might allow to test energy 
decoherence which is local on various length scales, rang- 
ing from micrometers to possibly millions of kilometers. 



II. UNOBSERVABILITY OF GLOBAL ENERGY 
DECOHERENCE 

A. Ramsey Interference 

We will first illustrate the problem by discussing a sin- 
gle atom that can be in states \g) or |e), but we will argue 
below that it is much more general. It is important to 
consider how a superposition of the type \g) + |e) would 
in practice be created and observed, namely by applying 
laser pulses that induce Rabi rotations between \g) and 
|e). The experimental technique is known as Ramsey in- 
terferometry. The first pulse creates the superposition 
\g) + |e) from the initial state \g), followed by a variable 
delay, during which the two terms in the superposition 
acquire a relative phase, such that the state evolves to 
\g) + e'^|e), and during which decoherence can act. The 
second pulse is such that it brings the system back to \g) 
with unit amplitude if the relative phase <f> is zero and if 
no decoherence has occurred. If is different from zero, 
the probability to observe the system in \g) will be dif- 
ferent from one, leading to Ramsey interference fringes 
in dependence on the phase. Energy decoherence as de- 
scribed by Eq. (1) will affect the visibility of these fringes. 
In particular, for complete decoherence the superposition 
is transformed into an equal mixture ^(|s)(<7| + |e)(e|), 
in which all phase information is lost and which is un- 
changed by the second laser pulse. Note that at the end 
the system is always detected in either |e) or \g), i.e. the 
detection is performed in the basis spanned by the en- 
ergy eigenstates, not in a basis of superposition states. 
This detection is typically performed by detecting fluo- 
rescence (under laser excitation) from a third state that 
is accessible only from one of the two states. 

Ramsey interference occurs because there are two dif- 



ferent histories that can lead to the same final state. Sup- 
pose that at the end the atom is detected in |e). Then 
it can have absorbed a photon from the first pulse and 
acquired a phase <f> during the intermediate waiting time, 
or it can have absorbed a photon from the second pulse 
and thus not acquired a phase. The amplitudes for the 
two histories have to be added. The two histories are dis- 
tinguished by the energy of the atom during the waiting 
time. It therefore seems at first sight that the experiment 
should be sensitive to decoherence in the energy basis. 

Conventionally in the description of Ramsey interfer- 
ence the laser light is treated as a classical system, which 
is usually an excellent approximation. However, for our 
present purpose it is essential to take the quantum char- 
acter of the light into consideration. The Hamiltonian 
for the interaction between the atom and the light is 



H = g{a\e)(g\+o)\g){e\). 



(2) 



This is in the rotating wave approximation, which is ex- 
tremely well justified in the relevant regime where the 
pulse durations are much longer than an optical period. 
This Hamiltonian describes the exchange of excitations 
between the light and the atom. The destruction of a 
photon is accompanied by the creation of an atomic ex- 
citation and vice versa. The total energy of the combined 
system light plus atom is not changed by the action of 
this interaction Hamiltonian. 

The Ramsey interference can be analyzed indepen- 
dently in subspaccs of fixed total energy, that is for initial 
states |iV)|<?), where N is the total number of photons. 
Let us first consider an idealized situation where the same 
laser pulse is made to interact twice with the atom. The 
first interaction creates a superposition of the two terms 
\N)\g) and \N — l)|e). Both terms can give rise to the 
states \N)\g) and \N — l)|e) after the second interaction. 
The relative phase that the two terms acquire between 
the interactions therefore determines the observable in- 
terference effects (the probabilities for the atom to be in 
\g) or |e)). Obviously the two terms have the same total 
energy. The observable effects are therefore completely 
independent of the presence of global energy decoherence, 
that is of energy decoherence that acts on the light and 
the atom as on a single system. 

It is always possible to analyze the interference in this 
way, even if the light is not initially prepared in a Fock 
state \N). In particular, this is also true for the case 
where the state of the light is a macroscopic coherent 
state, such that it remains essentially unchanged by the 
exchange of photons with the atom, and always factor- 
ized from the atomic state. Our statement here is not 
that a true superposition state of the atom can never 
be created, which is true for an initial Fock state of the 
light field. The essential point is that in any case only the 
interference within each pair of histories with the same 
total energy matters for the observable effects. 

The same conclusion can be reached in a more realistic 
situation, where the light is split into two pulses, that in- 
teract sequentially with the same atom. Again the anal- 



ysis can be performed in subspaces of fixed total energy. 
The initial N photon state is split coherently into two 
parts, corresponding to the first and the second pulse. 
This creates a state of the form ^2 n c n \N — n)i\n)2\g). 
The first pulse interacts with the atom, such that every 
component \N — n)i\g) is transformed into a superposi- 
tion a n \N — n)i\g) + b n \N — n — l)i|e), where the inter- 
action is adjusted such that the coefficients a n and b n 
are equal to l/v2 with good approximation. After this 
interaction the first pulse never comes back. Therefore it 
does not contribute to the interference. The global state 
after the interaction between the first pulse and the atom 
can be rewritten as 



E 



\N - n)i (c n a n \n) 2 \g) + c n - X b n -\\n - l) 2 |e)) . (3) 



Tracing over the first pulse, one sees that the relevant 
interference is between pairs of terms of the form |n)2|g) 
and \n — 1} 2 |e) , that is between pairs of states with the 
same energy. Both of these terms can lead to final states 
|n)2|<?) and \n — 1)2 |e) after the interaction between the 
second pulse and the atom. Therefore the phase between 
them determines the final probability for the atom to be 
detected in \g) or |e). Again the relevant interference is 
between states with the same total energy, and the final 
probability for the atom to be in \g) or |e) is completely 
independent of energy decohcrcnce that acts on the sec- 
ond pulse and the atom as on a single system. 

This unobservability of global energy decoherence is 
not specific to Ramsey interference. We argue that it 
is universal, at least for the domain of quantum optics. 
The basic reason is that in every experiment conceivable 
to us in the quantum optical regime the final detection 
is performed in the energy basis. Superpositions in en- 
ergy, such as the fixed phase relationship between \g) and 
|e), are detected with the help of a phase reference. In 
Ramsey interference the superposition is created by the 
first laser pulse, while the second laser pulse serves as 
the phase reference. What matters for the experimental 
results is the relative phase between system and the ref- 
erence. The global phase is not observable. However, it 
is only this global phase that is affected by global energy 
decoherence. 



B. Michelson Interference 

To further emphasize and clarify this important point, 
consider a very simple example of such an interference 
experiment, a Michelson interferometer for light. We de- 
note the two input modes of the interferometer by a and 
b, and the modes traveling towards the mirrors in the two 
arms by c and d. We start with a coherent state |a) in 
mode a and the vacuum in mode 6, i.e. an initial state 



where |0) is the vacuum of all modes. The modes c and 
d are related to the inputs by a = (c + rf)/V2 and b — 
(c — d)/\/2, such that 



'V5 /e| V5' 



(5) 



The incoming light is split equally between the two arms. 
The modes c and d are transformed into modes c and d 
respectively, which travel from the mirrors back to the 
beamsplitter. For a perfectly balanced interferometer the 
output modes a and b are related to c and d in the same 
way as a and b are to c and d. In particular one therefore 
has a = (c + d)/\/2 = (c + d)/\/2 = a. 

The coherent states propagating in the two arms are 
coherent superpositions of states of different photon num- 
bers and thus different energies. It might therefore seem 
that global energy decoherence should have an effect on 
the interference, such that in the presence of decoherence 
some photons would end up in mode b in the final state. 
However, the effect of complete global energy decoher- 
ence is to transform the state |a) a |0)h into a Poissonian 
mixture of Fock states, 



= 5>-m : 



(6) 



This input state is exactly reproduced in the output 
modes, because the interference happens independently 
for every total photon number, according to 



ct + d) ct 4- d) 



10) = (a 



«tv»i 



(7) 

The coherence (or its absence) between different total 
photon numbers is irrelevant for the Michelson interfer- 
ence. This is in full analogy to Ramsey interference, 
which, as we have seen above, can also be analyzed sep- 
arately for every total photon number. Equivalcntly, the 
global phase of the initial state \a) is irrelevant, only the 
relative phase between the states in the two arms is im- 
portant. This relative phase remains unaffected by the 
global decoherence. This can also be seen by noting that 
the decohered state can be written as 



,, = — I dcf>\ae^) a (ae^\\0) b { 



(8) 



which in terms of the modes c and d is 

2tt 



> o |0>6 = e-W"/»X; 



n)a|0) fc = e - |Q|2/ V at |0), 



(4) 



This shows that the relative phase between the two 
modes is unaffected, even though the reduced density 
matrix of each individual mode (c and d) after global 



energy decoherence is given by 



2W ri V2 A V2 £- n 
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( 10 ) 
which is a Poissonian mixture of Fock states without any 

phase relation. 



C. Time Domain Experiments 

We claim that these simple examples are in fact 
generic. In particular, the arguments apply to Ram- 
sey type experiments that use GHZ states of the form 
\g)® N + \e)® N instead of single atoms. They also apply 
to experiments that would aim to demonstrate coherence 
and decoherence in the energy basis via time measure- 
ments. For example, one could argue that the shortness 
in time of a light pulse from a mode-locked laser demon- 
strates coherence in energy and that decoherence should 
lead to an observable broadening of the pulse in time. 
However, what is really measured in practice is the rela- 
tive time between the pulse and a reference pulse. In the 
simplest case, the original pulse is split into two parts, 
which are recombined in a non-linear medium, where two 
coincident photons (one from each pulse) can combine 
to give a single photon of higher energy, which is de- 
tected. All such experiments are sensitive only to the 
relative time between system and reference, in analogy 
to the relative phase for the above experiments, and thus 
only allow inference about the coherence in the energy 
difference between system and reference, but not about 
coherence in the total energy. Again, the relevant inter- 
ference occurs between states of fixed total energy, which 
is shared in different ways between system and reference. 
This point was made previously in a slightly different 
language, but also in the time domain, by Finkelstcin 
[8j. The present point of view is also a good way of 
understanding the results of the gedanken experiments 
discussed very recently by Pearle Q in the context of 
energy-driven collapse models. 



D. Discussion 



the system. This would correspond to the case of a "com- 
pletely classical" phase reference, which could only exist 
if there were somewhere a border between the quantum 
and the classical world. 

But what are the reasons underlying the need for a 
phase reference? In a certain sense this requirement is 
of a practical, not fundamental, nature. One could de- 
tect global energy decoherence without a phase reference, 
if there was a macroscopic physical system which could 
be in long-lived states with large AE that are macro- 
scopically distinct from states without significant energy 
coherence. In this case energy decoherence would be 
directly observable. However, we suspect that no such 
physical system can exist in practice. Macroscopic sys- 
tems are always in contact with their environment (usu- 
ally even in thermal equilibrium). As a consequence, the 
states in which they are observed have very little coher- 
ence in the energy basis. In particular, this applies to 
the macroscopic systems used to indicate measurement 
results in typical experiments. For instance, in the cases 
considered above the measurements are done by count- 
ing photons (from fluorescence in the case of the Ramsey 
experiment, from up-conversion in the case of the short 
pulses, directly from the laser in the Michelson experi- 
ment). In these setups only energetically distinct states 
(absence or presence of a photon) lend themselves to am- 
plification to the macroscopic level. 

It is worth pointing out that the absence of energy 
coherence with large AE for individual systems would 
in fact be implied by the presence of global energy de- 
coherence. With the age of the universe of order 10 10 
years, one finds that even for a from Eq. (1) of order 
the Planck time tp all coherences with AE larger than 
a few meV would have decayed. Global energy deco- 
herence acting on the whole universe would thus have 
essentially reduced it to a mixture of energy eigenstates 
at the present moment. Note that this would not neces- 
sarily have any observable consequences for experiments 
using phase references or other clocks, for the reasons dis- 
cussed in this section. In a universal energy eigenstate 
\E U ), every energy state \E) of an isolated subsystem is 
correlated with a state \E U — E) for the rest of the uni- 
verse, so that no coherence can exist in the individual 
system. Global energy decoherence could thus have itself 
destroyed the conditions for its observation. 



Global energy coherence (and thus decoherence) is un- 
observable in the above experiments because the coher- 
ence is observed with respect to a phase reference. As 
long as this phase reference has to be treated as part of 
the quantum system that is subject to energy decoher- 
ence, the decoherence is unobservable. If on the other 
hand the decoherence acts separately on the system and 
the phase reference, it can have observable effects. We 
will pursue this possibility in the following section. An- 
other theoretical possibility allowing observation of the 
decoherence would be for the phase reference to remain 
unaffected by the decoherence, which would only act on 



III. TESTING LOCAL ENERGY 
DECOHERENCE 

In the previous section we have arrived at the con- 
clusion that the prediction of Ref. [4( is likely to be 
untestable if the decoherence is assumed to act globally. 
It is therefore important to understand whether there is 
a length scale on which the decoherence might act lo- 
cally. The question of the spatial dependence of the en- 
ergy decoherence was already raised by Milburn in Ref. 
based on considerations of Lorentz invariance. We 



make no attempt to answer this question here. However, 
we outline some experimental approaches that might al- 
low to test energy decoherence that is local on various 
length scales. 



A. Atom and Molecule Interferometry 



rors located on satellites separated by 5 x 10 9 m. The 
possible waiting time for the Ramsey experiment is lim- 
ited by the laser coherence time, which can currently be 
of order Is |l3j, corresponding to a distance of 3 x 10 8 
m. As discussed in section [|] the use of very long-lived 
metastable states in such experiments should allow one 
to detect a discretization of time at the level of 10 -33 s. 



Atom and molecule interferometry are extremely sen- 
sitive to the occurrence of energy decoherence that acts 
locally on short length scales. For example, separations 
of up to 20 /im between the two paths were achieved in an 
interferometry experiment with Sodium atoms [lfj . The 
rest mass of a Sodium atom corresponds to an energy of 
order 20 GeV. Even for a in Eq. (1) of order the Planck 
time, this implies a decoherence rate of order 10 8 /s, if the 
decoherence acts separately on each path. For an atom 
velocity of 3000 m/s as in Ref. [l(j > this would imply that 
the atoms should be significantly decohered after prop- 
agating just 30 /Lim. The calculated decoherence rates 
would be even more dramatic in molecule interferome- 
try experiments such as Ref. |ll( . however the achieved 
path separations are only of order 1 /im. Energy deco- 
herence acting locally below the //m length scale is thus 
already ruled out by these experiments. A further im- 
provement of energy decoherence bounds on short length 
scales could be achieved by utilizing multi- particle en- 
tanglement enhanced atom interferometers 



pai 
0. 



B. Long-Distance Ramsey interferometry 

As discussed above, the relevant interference in a Ram- 
sey experiment is between states of the form |g)|n) and 
|e)|n— 1), where \g) and |e) are states of the atom and \n) 
and \n — 1) refer to the second laser pulse. Decoherence 
between these two states will lead to observable effects. 
The length scale on which one can probe energy decoher- 
ence is thus given by the separation between the atom 
and the light during the waiting period. In the simplest 
case, the light will still be inside the laser cavity during 
this time, and will be switched out of the cavity at the 
right moment. The important distance is then that be- 
tween the laser and the atom. This distance can be made 
very large in principle. For example, it is conceivable to 
connect the laser to the atom by an optical fiber which, 
depending on the wavelength of the light, would allow 
distances of several kilometers or more. The fiber has to 
be interferometrically stabilized for such an experiment, 
but this seems feasible through constant monitoring of a 
reference beam. Alternatively, one could consider the use 
of large free-space interferometers such as those planned 
for gravitational wave detection [14| , which aim for sim- 
ilar distances. Much longer distances could in principle 
be accessible with space-based experiments. LISA [l5j 
is a project for a space interferometer for the detection 
of gravitational waves. The interferometer is basically of 
the Michelson type, with the beam splitter and the mir- 



C. Multi-atom entanglement 

The sensitivity of Ramsey type experiments could be 
significantly improved by replacing the single atom with 
multi-atom entangled states of the GHZ type. There 
have been sever al prop osals for the creation of atomic 
GHZ states EUllGj- The recent scheme of Ref. [13 
allows the fast creation of approximate GHZ type states, 
i.e. good approximations to the state \e)® N + \g)® N , 
for large numbers of atoms N. The created states are 
superpositions of two components centered around very 
different energies. The difference in energy between the 
two components is of order NAE, where N is the number 
of atoms and AE is the difference in energy between the 
states \g) and |e) of a single atom. This implies that 
the gravitational decoherence rate in such a state will be 
enhanced by a factor of N 2 compared to a single-atom 
superposition. 

In a generalized Ramsey type experiment one would 
first create the large superposition state by letting the 
atoms interact for a certain time in the presence of a 
laser beam in resonance with the relevant transition |17| , 
followed by a waiting period during which the decoher- 
ence could act on the state. Then the laser beam and 
the interaction would be turned on again (cf. below), 
leading to a partial revival, whose amplitude would al- 
low one to deduce the amount of decoherence. There 
are several other decoherence processes in such a scheme 
whose effects would have to be distinguished experimen- 
tally from the quantum gravitational decoherence, in par- 
ticular atom losses due to spontaneous emission and to 
inelastic collisions. The loss of a single particle destroys 
the GHZ type superposition state. The presence of these 
processes determines the in principle achievable sensitiv- 
ity for energy decoherence. Discrimination of the differ- 
ent decoherence processes is facilitated by the fact that 
they scale differently with the particle number and the 
volume of the system. However, for simplicity and safety 
we will here assume that the gravitational decoherence 
rate has to be larger than all other decoherence rates in 
order for a clear experimental detection to be possible. 

We will here discuss the example of Strontium, with 
the atomic ground state 1 So as \g) and the metastable 
3 Po state as |e). The advantage of 3 Pq compared to 3 P2 
is that inelastic two-body collisions should be strongly 
suppressed because the inelastic loss channels studied in 
|18j are absent for the singlet states. It should be pos- 
sible to create a Strontium BEC in either 3 Po or 1 So by 
optical cooling 19], and also to trap both states simul- 



taneously, as required for the present experiment, using 
far off- resonant optical traps. The scheme for creating 
GHZ type superposition states is described in detail in 
Ref. [13. What is important for us here is the timescale 
on which the superposition is created, which is of order 
l/(Nx), where N is the number of atoms in the BEC 
and 



X 



2-kU 
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( a gg 



2a eg ). 



(11) 



Here m is the mass of an atom, V is the volume of the 
BEC and the ay are the elastic scattering lengths for 
collisions between two atoms in \g), between two atoms 
in |e), and between one atom in |e) and one in \g) re- 
spectively. For later convenience we define the coefficient 



k = 2irh/m(a g 



2a eg ), such that x = k/V. After 



creating the macroscopic superposition state, the laser 
coupling the ground and excited states is turned off, and 
the parameter \ is tuned to \ — 0; freezing the dynamics. 
This can be achieved by changing the relative magnitudes 
of the scattering lengths using e.g. an optical Feshbach 
resonance |2£j . After a variable waiting period, the laser 
beam and \ can t» e turned on again to induce a revival 
as detailed in Ref. fl7| . 

For the experiment to be feasible, the time for creat- 
ing the superposition has to be shorter than all relevant 
decoherence times. Otherwise decoherence during the 
creation process would prevent the superposition state 
from being formed. Moreover, the decoherence rate due 
to quantum gravity should be comparable to the deco- 
herence due to particle loss. As stated above, we will 
here assume that it has to be larger. The relevant losses 
are due to spontaneous emission and to inelastic three- 
body collisions. The loss rate from spontaneous emission 
is given by AT, where T is the spontaneous decay rate 
of the metastable state. The three-body loss rate is of 
the form k^N 3 /V 2 , where k^ is the three-body loss co- 
efficient. Finally the quantum gravitational decoherence 
rate that we want to detect is of the form 7A 2 , where we 
have defined 7 = a(AE/h) 2 . 

The requirement that the creation of the superposi- 
tion has to be faster than the gravitational decoherence 
gives k/(NV) > 7, while the requirement that the grav- 
itational decoherence should dominate the other deco- 
herence processes gives the conditions 7 > T/N and 
7 > k^N/V 2 . Combining the first and second of these 
three inequalities gives V < k/T. One should choose V 
not much smaller than this limit, in order to keep the 
three-body losses as small as possible. The detectable 
level of gravitational decoherence is then determined by 
the two conditions 7 > T/N and 7 > k^T 2 N/ k 2 , where 
the first bound varies as 1/N and the second one as N. 
This implies that the smallest possible value for 7 is at- 
tained for N of order n/i/k^T. The minimum detectable 
7 is then of order y/T 3 ^/ ' k. 

The values of the above quantities can be estimated 
in the following way. The spontaneous decay rate T is 
of order 10~ 3 /s for the extremely long-lived 3 Pq state 



[2l| , and the energy separation AE is of order 1 eV. The 
precise values of scattering lengths and inelastic collision 
rates for Sr are unknown to the best of our knowledge. 
However, based on experiments [23 and theoretical cal- 
culations [23| for other atomic species one can obtain 
order of magnitude estimates of £3 = 10~ 41 m 6 /s and 
k = 10 _17 m 3 /s. For these values one finds that the 



optimal N and V are JV w 10 5 and V 
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m re- 
spectively, which is very realistic from an experimental 
point of view. The minimum detectable 7 is then ap- 
proximately 10~ 8 /s. This corresponds to a detectable 
discretization timescale a of order 10 -38 s, five orders 
of magnitude smaller than what is possible with a single 
atom. Let us note that naively this timescale corresponds 
to an ultrahigh energy scale of 10 23 eV. These are only 
order of magnitude estimates, but it is clear that the use 
of multi-atom entangled states promises a dramatic im- 
provement in sensitivity. 

The multi-atom states could be integrated into a long- 
distance Ramsey type experiment. The achievable dis- 
tance is limited by the decoherence rate. This leads 
to a trade-off between sensitivity and accessible length 
scale. More quantitatively, the minimum detectable 7 
is of order T/N (for the above optimal N), where F 
is the spontaneous emission rate, while the decoherence 
rate is 7A 2 , which is of order TN, giving a length scale 
of L max = c/(TN). One therefore has the relation 
Lmax — (c/r 2 )7. Putting in the above values, one sees 
that sensitivity to the minimum 7 obtained above of or- 
der 10 _8 /s (and thus to a of order 10 -38 s) could still be 
achieved in an experiment spanning thousands of kilome- 
ters. 



IV. CONCLUSIONS 

We have argued that global energy decoherence is un- 
observable in quantum optics experiments, because in 
practice energy coherence and decoherence are studied by 
interferometry, which always relies on the use of another 
system that serves as phase reference. The fundamen- 
tally quantum mechanical character of this phase refer- 
ence is essential for our argument. The observable effects 
are governed by the relative phase between these two sys- 
tems, and are unchanged by energy decoherence that acts 
globally on system and phase reference together. We have 
suggested that the basic reason for the need for a a phase 
reference (and thus for the unobservability of global en- 
ergy decoherence) is the fact that macroscopic objects 
have very little energy coherence. 

However, we have also shown how local energy deco- 
herence, which would act separately on system and phase 
reference, could in principle be detected with remarkable 
sensitivity and over a wide range of length scales, from 
micrometers to millions of kilometers, combining meth- 
ods from optics and atomic physics. Energy decoherence 
acting locally below the micrometer scale is already ruled 
out by atom interferometry. We hope that our present 



work will provide a motivation for theoretical investiga- 
tions into the possible existence of a length scale in the 
predicted quantum gravitational energy decoherence. 



Information Processing. 
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